The 90-kDa heat shock protein (Hsp90) is an essential molecular chaperone in eukaryotic cells, with key roles in the folding and activation of proteins involved in signal transduction and control of the cell cycle. A search for Hsp90 sequences in the Arabidopsis thaliana genome revealed that this family includes 7 members. The AtHsp90-1 through AtHsp90-4 proteins constitute the cytoplasmic subfamily, whereas the AtHsp90-5, AtHsp90-6, and AtHsp90-7 proteins are predicted to be within the plastidial, mitochondrial, and endoplasmic reticulum compartments, respectively. The deduced amino acid sequences of each of the cytoplasmic proteins contains the highly conserved C-terminal pentapeptide MEEVD. All of the AtHsp90 sequences include a conserved adenosine triphosphate-binding domain, whereas only the cytoplasmic and endoplasmic reticulum-resident sequences include an adjacent charged linker domain that is common in mammalian and yeast sequences. The occurrence of multiple AtHsp90 proteins in the cytoplasm and of family members in other subcellular compartments suggests a range of specific functions and target polypeptides.
INTRODUCTION
The 90-kDa heat shock protein (Hsp90) is an abundant and highly conserved molecular chaperone that is essential for eukaryotic cell viability. Studies, primarily in animals, have revealed that Hsp90 has key roles in the folding, activation, and possibly trafficking of proteins involved in signal transduction, such as steroid receptors and a variety of protein kinases, and cell cycle control. The Hsp90-dependent folding and activation of client proteins involve a number of accessory factors, or cochaperones, that participate in multiprotein complexes (reviewed in Toft 1998; Pearl and Prodromou 2000) .
The nomenclature of Hsp90 derives from its identification first as belonging to a unique set of proteins that are up-regulated in stressed cells, giving the term heat shock protein of 90 kDa. Further characterization of Hsp90 expression revealed that although some members of the family are stress inducible, others are constitutively expressed. The seminal article by Rutherford and Lindquist (1998) argues that Hsp90 buffers genetic variation in nature by keeping mutant proteins in wild-type conformations. When this buffering is compromised, for ex- ample, by temperature stress that diverts Hsp90 from its normal target protein to other partially denatured proteins, variations are exposed, allowing selection to remodel developmental processes. This work elegantly links the dual involvement of Hsp90 in signal transduction with cellular responses to stress.
Hsp90 is present also in prokaryotic cells (reviewed in Parsell and Lindquist 1993; Csermely et al 1998) . The prokaryotic ortholog HtpG is 42% identical in amino acid sequence to human Hsp90, and, unlike eukaryotic Hsp90, it is dispensable. In animal cells, the predominantly cytoplasmic Hsp90 has 2 isoforms, Hsp90-␣ and Hsp90-␤, which are 76% identical at the amino acid sequence level. A 94-kDa glucose-regulated protein, grp94, which is 50% identical to cytoplasmic Hsp90, resides in the endoplasmic reticulum (ER). Recently, a distant relative of Hsp90, TRAP1, with approximately 35% identity to human Hsp90-␤ and a mitochondrial localization, has been reported (Felts et al 2000) .
Hsp90 proteins consist of conserved N-terminal and Cterminal domains that are joined by a charged linker region of variable length (Buchner 1999; Pearl and Prodromou 2000) . The eukaryotic TRAP1 and the bacterial HtpG proteins resemble one another in that they have only a very short charged region and lack the C-terminal BAA98082  BAB09285  BAB09283  BAB09282  AAD32922  AAF13098  CAB45054   AB025606  AB011476  AB011476  AB011476  AC007167  AC009176  AL078637   705  699  699  699  780  803  823   V  V  V  V  II  III MEEVD sequence, which is characteristic of cytoplasmic Hsp90 (Felts et al 2000) . However, based on sequence similarities between different Hsp90 members, it is difficult to say yet if TRAP1 is the eukaryotic homologue of HtpG (Felts et al 2000) .
Hsp90 genes have been isolated from several plant species (Conner et al 1990; Felsheim and Das 1992; Koning et al 1992; Takahashi et al 1992; Marrs et al 1993; Yabe et al 1994; Krishna et al 1995) . A comparison of the predicted amino acid sequences of plant Hsp90 with Hsp90 of yeast and animal origin shows identities ranging from 63-71%, and between Hsp90 from different plant species, from 88-93%. In addition to genes encoding cytoplasmic Hsp90, complementary DNAs for the ER-and plastidlocalized Hsp90 homologues have also been isolated from plants (Schroder et al 1993; Walther-Larsen et al 1993; Schmitz et al 1996) . Notwithstanding the availability of Hsp90 genes from plants for more than a decade, our understanding of the functions and the mechanism of action of plant Hsp90 is limited. The Hsp90 system is of particular interest in plants first because of an additional subcellular compartment, the plastid, and second because plants are subjected to sudden changes in their environment, which invoke rapid molecular responses. Plant Hsp90 gene products, heterocomplexes and Hsp90 mode of action, are likely to encompass unique features. Specific knowledge of these is required to understand how proteins involved in signal transduction pathways and other processes are activated, processed, and trafficked within plant cells. This review focuses on the Hsp90 protein family in Arabidopsis thaliana to provide a comprehensive sequence-based understanding of the different family members in plants and to highlight the similarities and differences between Hsp90 proteins of plant and animal origin. We hope that the data will provide a useful starting point for analysis of the functions of Hsp90 in plants and further consolidate our views on the structure-function relationships of Hsp90 in general.
MATERIALS AND METHODS

Identification of A thaliana Hsp90 sequences
All sequences were obtained from the GenBank server (http://www.ncbi.nlm.nih.gov:80/Entrez/batch.html and saved as a flat FASTA file. Selected Hsp90 sequences were used as search queries, using the SSEARCH implementation of the Smith-Waterman algorithm (Smith and Waterman 1981) . Unlike the commonly used heuristic search algorithms, such as BLAST and FASTA, the SmithWaterman algorithm is guaranteed to identify all sequence similarities within a given database (Pearson 1996) . Default values were used for the matrix (BLOS-UM50) (Henikoff and Henikoff 1992) and gap opening and extension penalties (Ϫ12, Ϫ2), and low-complexity regions were not considered in the search (Wootton and Federhen 1996) .
An iterated approach was used to identify all Hsp90 sequences. The AtHsp90-1 (hsp81.1), AtHsp90-2 (hsp81.2), and AtHsp90-3 (hsp81.3) sequences were used as initial query sequences, and 3 classes of sequences were identified. The first class contained sequences more than 99% identical to the query. It was assumed that these are redundant entries for the same sequence, and they were clustered under the protein name of the query (data not shown). We found 8 entries in the database corresponding to AtHsp90-1, 5 corresponding to AtHsp90-2, and 2 corresponding to AtHsp90-3. The second class comprised sequences less than 99% identical to the query but that matched better than would be expected by chance. It was assumed that these sequences are related to the query sequence but are the products of different genes from the same gene family. Each of these was used in turn as a query sequence to identify new members of the Hsp90 family. We found 2 entries for AtHsp90-4 (hsp81.4), 2 entries for AtHsp90-5 (hsp88.1), 2 entries for AtHsp90-6 (hsp89.1), and 4 entries for the AtHsp90-7 (data not shown). The third class of sequences matched the query no better than expected by chance. It was assumed that these sequences are unrelated to the query and they were not further examined. Additional searches were conducted using the Homo sapiens and Drosophila melanogaster mitochondrial (TRAP1) Hsp90 and Secale cereale plastidial Hsp90 sequences. Searching with these heterologous queries failed to reveal any additional members of the A thaliana Hsp90 family. Ultimately, 7 distinct genes or proteins were identified (Table 1) . 
Comparison of AtHsp90 sequences
Relatedness values for each member of the AtHsp90 family were calculated after pairwise alignment (Smith and Waterman 1981; Henikoff and Henikoff 1992) . The identity values exclude gapped regions. The alignments can be viewed at www.biochem.uwo.ca/fac/gloor/ Arab.html. Similar results were obtained using the SSEARCH program plus the BLOSSUM50 or BLOS-SUM62 matrices or with the BLAST server plus the BLOS-SUM62 matrix. The AtHsp90 sequences were aligned with CLUSTALX, using the default alignment options with the PAM series of matrices. Gap regions in the multiple alignment were ignored, and a correction was made for multiple amino acid substitutions over time. NJPlot was used to generate the distance matrix-based unrooted phylogenetic tree. Multiple alignments and phylogenetic trees constructed from multiple sequence alignments made with either the GONNET or BLOSSUM series of matrices were extremely similar. In no case was the branch order changed, and the branch lengths varied by less than 5%.
Analysis of AtHsp90 sequences for functional domains and localization signals
Predictions of the subcellular location of A thaliana Hsp90 proteins used multiple algorithms for sequence analysis: PSORT (http://psort.nibb.ac.jp/form.html) (Nakai and Horton 1999) , TargetP (http://www.cbs.dtu.dk/services/ TargetP/) (Emanuelsson et al 2000) , Predotar (http:// www.inra.fr/Internet/Produits/Predotar/index.html), and MITOPROT (http://www.mips.biochem.mpg.de/ cgi-bin/proj/medgen/mitofilter) (Claros and Vincens 1996) .
The AtHsp90 sequences were analyzed for functional motifs or domains using the Prosite (http://ca.expasy. org/prosite/) and Conserved Domain (www.ncbi.nlm. nih.gov/Structure/) databases.
RESULTS AND DISCUSSION
The A thaliana Hsp90 protein family
Seven members belonging to the Hsp90 family of proteins were identified in A thaliana. Aiming to be consistent with the nomenclature scheme of members of molecular chaperone families, the Hsp90 proteins are referred to herein as AtHsp90-1 through AtHsp90-7 (Table 1 ). The 7 members of the A thaliana Hsp90 family share at least 45% sequence identity extending along their entire lengths ( Table 2 ). The AtHsp90-2, AtHsp90-3, and AtHsp90-4 protein sequences are highly similar; all are at least 96% identical to each other. This suggests that they may be functionally redundant. The close relatedness of AtHsp90-2, AtHsp90-3, and AtHsp90-4 is also obvious in Figure 1 . Milioni and Hatzopoulos (1997) have previously reported that these 3 genes are clustered within a 15-kb genomic region, with AtHsp90-2 and AtHsp90-4 lying 1.5 kb apart in a head-to-head orientation and AtHsp90-3 having the same orientation as AtHsp90-2. Eukaryotic Hsp90 proteins contain 2 highly conserved domains: the adenosine triphosphate (ATP)-binding domain at the N-terminus and the highly charged (glutamic acid-rich) linker region. Crystal structures of the N-terminal domains of human and yeast Hsp90s alone or complexed with nucleotides have been determined. There exists homologous structures between the ATP-binding domains of Hsp90, DNA gyrase, the MutL DNA mismatch repair protein, and bacterial histidine kinase CheA (reviewed in Pearl and Prodromou 2000) . Geldanamycin, a benzoquinoid ansamycin, binds to the ATP-binding site, displacing ATP and inhibiting Hsp90 function (Stebbins et al 1997) . The recent demonstration of ATP binding by Hsp90 in vitro, together with the finding that ATP binding and hydrolysis is essential for the in vivo functions of Hsp90 (Panaretou et al 1998) , has redefined our understanding of its mode of action and its interactions with other proteins.
A search for conserved functional domains in A thaliana Hsp90 proteins revealed the presence of an ATP-binding domain in all members (Figure 2 ). Although ATP binding and hydrolysis by plant Hsp90 remain to be demonstrated, we have previously shown that plant Hsp90 can bind human p23, a component of the animal Hsp90-based cytoplasmic chaperone heterocomplex, in an ATP-dependent manner and that this binding is inhibited by geldanamycin in a temperature-dependent manner (Owens-Grillo et al 1996). The temperature-dependent binding of geldanamycin with plant Hsp90 might be the result of minor differences between the ATP-binding sites of plant and animal Hsp90s.
Proximal to the ATP-binding domain in animal and yeast Hsp90 proteins is the charged linker region, which is variable in both length and composition among isoforms and species. The charged region has been implicated in formation of functional steroid receptor complexes with Hsp90 (Cadepond et al 1994) ; however, deletion from yeast Hsp90 did not cause any loss of essential functions (Louvion et al 1996) . The charged linker region was detected in all Hsp90 members with the exception of AtHsp90-5 and AtHsp90-6, although both these proteins contain the other Hsp90 signature sequences (Fig 2) . AtHsp90-5, AtHsp90-6, bacterial HtpG, and animal TRAP1 share a common feature; these proteins either lack or contain a very short charged region. Despite this similarity, it remains unclear if AtHsp90-5 and AtHsp90-6 originated from a common ancestor.
A casein kinase II phosphorylation site is present within the charged region of the AtHsp90 proteins (Fig 2) . Although it remains to be seen if plant Hsp90 is phosphorylated similar to animal Hsp90 (Dougherty et al 1987) , a recombinant Brassica napus Hsp90 was observed to undergo autophosphorylation and to phosphorylate other proteins, such as histones and casein, in the presence of Mn 2ϩ (Park et al 1998) . Hsp90s from different sources also undergo autophosphorylation in vitro, but only a porcine grp94-like protein (Dechert et al 1994) , in addition to the B napus protein, has been reported to trans-phosphorylate other proteins in vitro. Further analysis of the phosphotransferase activity of Hsp90 is required to determine its physiological function.
Eukaryotic Hsp90 exists predominantly in the dimeric form, with its dimerization site being located in the 200 C-terminal residues (Minami et al 1994) . A Hsp90 C-terminal truncation mutant that could not dimerize was unable to rescue a yeast strain that had both Hsp90 genes deleted (Minami et al 1994) . This finding suggests that dimerization is essential for the biological activity of Hsp90. An examination of the native state of Hsp90 by nondenaturing gel electrophoresis showed that Hsp90 exists as a monomer, dimer, and high-molecular-mass complex in preparations from spinach leaves, B napus seedlings, and wheat germ, with the monomeric form being predominant (Krishna et al 1997) . The functional relevance of the different forms of Hsp90 in plants and of the site directing dimerization remains to be determined.
In silico localization of the A thaliana Hsp90 proteins
Each of the AtHsp90-1 through AtHsp90-4 proteins includes the C-terminal pentapeptide MEEVD, which is diagnostic of cytoplasmic Hsp90 proteins from both plants and animals (Fig 2) . Results represented in Table 2 and Figure 1 show that AtHsp90-5 and AtHsp90-6 are more closely related to one another than they are to other members of the AtHsp90 family. Unlike the genes encoding cytoplasmic Hsp90 proteins, which contain 2 to 3 introns, the AtHsp90-5 and AtHsp90-6 genes include 18 to 19 introns (Milioni and Hatzopoulos 1997) . Comparison of the sequence of the plastid-specific Hsp90 homologue of rye (Schmitz et al 1996) with those of the AtHsp90 family revealed greatest similarity with AtHsp90-5 (76% identity) followed by AtHsp90-6 (64% identity). Both AtHsp90-5 and AtHsp90-6 contain additional amino acids on the N-and C-termini compared to their cytosolic counterparts. Prediction of subcellular localization of these proteins using several algorithms (PSORT, TargetP, Predotar, and MITOPROT) suggests that AtHsp90-5 is chloroplast localized and AtHsp90-6 is mitochondria localized. A 60-residue transit peptide for import into chloroplast and a 48-residue mitochondrial targeting peptide were identified in the N-terminal regions of AtHsp90-5 and AtHsp90-6, respectively. Previously, Milioni and Hatzopoulos (1997) predicted a chloroplast localization for AtHsp90-5. Since the chloroplast localization of the rye plastid protein, the closest relative of AtHsp90-5, has been experimentally confirmed (Schmitz et al 1996) , there is little doubt about the location of AtHsp90-5. However, in- Multiple sequence alignment of members of the A thaliana Hsp90 family. The multiple alignment was generated using CLUSTALX. Positions that share greater than 70% amino acid identities are indicated in red, and positions that share greater than 70% similarity are shown in blue. The positions of conserved functional domains are named above the aligned sequences. Positions of highly related, ungapped sequences that can be considered as being characteristic of the Hsp90 family were determined by searching the BLOCKS database with AtHsp90-2 as a reference sequence. The Blocks, indicated by BLOCKA to BLOCKJ names, are positioned on the multiple sequence alignment, using AtHsp90-2 sequence as a reference. Only AtHsp90-1 to AtHsp90-4 sequences contain all 10 BLOCKS characteristic of the Hsp90 family of proteins. tracellular localization of AtHsp90-6 remains to be confirmed experimentally. The AtHsp90-7 sequence contains a putative 18-to 30-residue N-terminal signal sequence plus a C-terminal KDEL ER-retention motif. Additionally, the AtHsp90-7 sequence is most similar to the 2 previously identified ER-specific plant Hsp90 orthologs (Schroder et al 1993; Walther-Larsen et al 1993) .
Expression of Hsp90 in A thaliana
Members of the prokaryotic Hsp90 family, HtpG, are true Hsps: present at very low levels during constitutive growth but induced to high levels by heat shock or other environmental stress conditions (Mason et al 1999) . In contrast, the constitutive expression of Hsp90 in mammalian cells is relatively high and is only modestly increased by stress (Buchner 1999) . Expression of Hsp90 in plant cells is developmentally regulated (Koning et al 1992; Marrs et al 1993; Krishna et al 1995; Reddy et al 1998a) and additionally responsive to cold stress and light and dark transitions (Felsheim and Das 1992) . Treatment of plants with the growth regulator 24-epibrassinolide (a brassinosteroid) led to increases in both transcript and protein levels (Wilen et al 1995; Dhaubhadel et al 1999) .
Transcripts for AtHsp90-1 could be detected only in roots of control A thaliana plants but were abundant in all organs after heat shock or treatment with heavy metals (Yabe et al 1994) . AtHsp90-2 and AtHsp90-3 transcripts could be detected in all plant organs but were abundant only in roots and flowers (Yabe et al 1994) . The AtHsp90-2 and AtHsp90-3 transcript levels increased modestly after heat shock, but were substantially increased after treatment of plants with the phytohormone indoleacetic acid, 0.1 M sodium chloride, or heavy metals. Analysis of AtHsp90-5 and AtHsp90-6 expression revealed that the former is mildly induced by heat shock and that the latter is barely induced by heat shock (Milioni and Hatzopoulos 1997) .
The Hsp90 chaperone complex in plants
In mammalian cells, Hsp90 promotes folding and activation of its client proteins in cooperation with a number of cochaperones (reviewed in Toft 1998; Buchner 1999; Pearl and Prodromou 2000) . The Hsp90-based chaperone complex contains Hsp90, p60/Sti1/Hop, Hsp70, Hsp40 (a J-domain protein), the Hsp70 interacting protein p48/ Hip, a high M r immunophilin (immunosuppressant drugbinding protein), and p23. An additional component, p50/Cdc37, has only been detected in Hsp90 complexes with protein kinases. Although the immunophilin possesses peptidylprolyl cis-trans isomerase activity, this appears to not be required for folding and assembly of client proteins. The immunophilin is postulated to have a role in the targeted movement of the complexes. Both p60 and the immunophilin of the chaperone heterocomplex contain several copies of a degenerate 34-residue motif known as a tetratricopeptide repeat (TPR). The binding site on Hsp90 for TPR domains has been localized to the C-terminus, with the MEEVD pentapeptide being critical for binding. The p60/Sti1/Hop protein links Hsp90 and Hsp70 within the complex and inhibits adenosine triphosphatase activity of Hsp90. The p23 protein binds to ATP-ligated Hsp90 and, although it appears to stabilize Hsp90-steroid receptor complexes in vitro, deletion in yeast revealed that it is not essential for viability.
There is a growing catalog of client proteins for animal cell Hsp90, which includes several protein kinases and transcription factors (listed in Csermely et al 1998; Buchner 1999) . No client protein for plant Hsp90 has been reported as yet, but an Hsp90-based chaperone complex has been identified in plant cells. Hsp70, a p60/Sti1/Hop ortholog, and high-molecular-weight immunophilins have been detected in the Hsp90 heterocomplexes (Owens-Grillo et al 1996; Stancato et al 1996; Reddy et al 1998b; Krishna et al, in preparation) .
The availability of the complete A thaliana genome sequence (The Arabidopsis Genome Initiative 2000) has allowed detection of genes encoding proteins corresponding to all of the components of the mammalian Hsp90 chaperone complex. In addition to Hsp90, these include Hsp70 (Lin et al 2001) , the J-domain proteins (Miernyk 2001) , and Hip (Webb et al 2001) . There have also been genomic analyses of the A thaliana immunophilins (Galat 2000) . Furthermore, the genome includes sequences for at least 3 p60/Sti1/Hop orthologs (AtHop-1, AL080318; AtHop-2, AC007190; and AtHop-3, AC025416) and 1 p23-like protein (AL161494). Thus, all of the molecular ''equipment'' necessary for the Hsp90 chaperone complex is present and accounted for in A thaliana. The identification of an Hsp90-containing chaperone complex in plant cells similar to that of animal cells suggests a role in plant cell signal transduction. The A thaliana genome contains a plethora of genes encoding protein kinases, many of which are likely to participate in control of growth and development, and these are obvious potential clients for the Hsp90 chaperone complex (Chory and Wu 2001) . Plants also produce an array of steroids, including brassinosteroids, which have a demonstrated role in signaling pathways controlling growth and development (Schumacher and Chory 2000) . In contrast to nuclear steroid receptors found in animals, a transmembrane receptor kinase has been shown to transduce the brassinosteroid signal in plants (He et al 2000) . Nevertheless, the possibility remains that Hsp90 is involved in some aspect of the brassinosteroid signaling pathway. Future studies will focus on which of the 25 498 A thaliana gene products are clients of the Hsp90 chaperone complex.
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